Escherichia coli MA-159 is deficient in agmatine ureohydrolase. After addition of exogenous arginine, the cellular putrescine content declines immediately and exponentially; however, the spermidine content remains normal for 3 h. The growth rate of such cultures, measured turbidometrically, slows gradually over many hours. Putrescine-depleted cultures grow especially slowly in media of low osmolarity, whereas nondepleted cultures grow at similar and rapid rates in media of either normal or low osmolarity. External osmolarity also affects the ability of various exogenous polyamines to stimulate growth of putrescinedepleted cultures. In medium of normal osmolarity, putrescine and spermidine both allow sustained rapid growth for many hours. In low osmolarity medium, putrescine allows sustained rapid growth, whereas cultures containing spermidine grow more slowly; this result cannot be explained by conversion of putrescine to spermidine, for cultures grown with exogenous putrescine contain smaller spermidine pools than do cultures grown with exogenous spermidine.
Osmotic adaptation is defined as the process by which cells are able to survive in media of different osmolarities and to continue normal functions, including growth and division. Polyamines may play a role in osmotic adaptation in Escherichia coli, and possibly in other organisms. The polyamines generally reported to occur in E. coli are spermidine [N-(3-aminopropyl)-1, 4-diaminobutane] and its precursor putrescine (1,4-diaminobutane) . In E. coli, roles for spermidine have been suggested in relation to nucleic acid structure and metabolism, protein synthesis, and membrane stability (1, 2, 22, 26) . Few specific functions have been proposed for putrescine, even though E. coli usually contains more putrescine than spermidine (19) . We have reported that the putrescine content of E. coli varies inversely with the osmolarity of the medium (19) ; in contrast, external osmolarity has little effect on the cellular spermidine content. The present studies were designed to investigate whether high levels of intracellular putrescine or other polyamines might be necessary for growth in media of low osmolarity.
These experiments were made possible by the recent isolation of mutants of E. coli in which synthesis of putrescine can be blocked by addition of arginine to the medium (9, 13, 18) . Wild-type E. coli synthesizes putrescine by two different means, either decarboxylation of ornithine or decarboxylation of arginine to form agmatine, followed by liberation of urea from agmatine. Exogenous arginine blocks the synthesis of ornithine from glutamate (6, 12, 18, 28, 29) and allows putrescine to be made only by the agmatine pathway. The mutants employed in our studies are deficient in agmatine ureohydrolase activity; therefore, if arginine is added to the medium, the synthesis of ornithine is inhibited, and the cellular putrescine level falls.
Polyamine depletion was initially carried out by addition of arginine to heavily fortified, "arginine-free" (AF) medium. For consistency 469 on November 6, 2017 by guest http://jb.asm.org/ Downloaded from with previous reports, we will refer to this medium as AFA medium, or "arginine-free" medium containing arginine (9, 13) . The growth rates of these cultures are lowered only after the level of intracellular putrescine has been severely reduced (9, 18) . Dion and Cohen have shown that the growth rate of strain MA-159 in AFA medium may be further lowered by omission of lysine from the medium (4) . Lysine is decarboxylated to form cadaverine, a polyamine which is somewhat effective in promoting growth. In AFA medium, E. coli MA-159 and other similar mutant strains form filaments (9, 13) ; however, filament formation is not prominent within the first 4 h of growth in the presence of arginine and does not occur in AFA medium containing putrescine or spermidine or in minimal medium (MM) supplemented only with essential amino acids and thiamine (30; Z. Leifer and W. K. Maas, personal communication). Cultures used in the present studies were depleted of putrescine in AFA medium lacking lysine and used before filaments had formed.
We have utilized the mutants deficient in agmatine ureohydrolase to demonstrate that the growth rate of putrescine-deficient cultures is reduced in media of slightly reduced osmolarity. Cultures which are not putrescine deficient are not sensitive to slight reductions in external osmolarity. Putrescine-deficient cells were then used to examine the effectiveness of many exogenous polyamines in stimulating growth and the role of polyamine transport and metabolism in the observed stimulations.
MATERIALS AND METHODS Bacteria, media, and estimation of growth. E. coli strains MA-138 and MA-159, deficient in agmatine ureohydrolase (9, 13), were routinely grown at 37 C with shaking in AF medium (9) . This complex medium contained the basal salt mixture of Davis and Mingioli (3) supplemented with glucose, vitamins, nucleid acid precursors, and 17 amino acids (20) ; lysine was omitted from the amino acid mixture. AFA medium contained 100 ug of arginine per ml; low osmolarity medium with arginine (LOAFA) is AFA medium with one-sixth the normal concentrations of phosphate and citrate. The concentrations of other components, including Mg2+, were held constant. Osmolalities of LOAFA and AFA medium, as determined by freezing point depression, are 0.190 and 0.280 osmol/kg, respectively. MM used in some studies with strain MA-159 was composed of the Davis and Mingioli basal salts, 4 mg of glucose per ml, 10 Ag of thiamine per ml, and L-leucine, L-histidine, and L-threonine at 50, 30, and 50 Mg/ml, respectively.
Growth was monitored by following the optical density (OD/600 nm) of the culture with a Beckman DB spectrophotometer. For AF cultures, an OD of 0.100 corresponds to 5.4 x 107 colony-forming units per ml or 14 Mg of cell protein per ml.
Determination of polyamine content. Culture samples (15 to 20 ml) were centrifuged at about 2,000 x g for 10 min at room temperature in a bench top Sorvall centrifuge, resuspended in 10 ml of 0.15 M NaCl, and centrifuged again. Pellets were then extracted and chromatographed by the method of Dubin and Rosenthal (5), exactly as previously described (19) . Centrifugation at room temperature avoids excessive acetylation of polyamines (23, 24) 10 min at 37 C with 0.5 ml of medium containing labeled polyamine and filtered immediately at room temperature (Schleicher and Schuell B-6 filters). Before and after each series of incubations, samples were removed for protein determination (11) . Samples incubated with putrescine or spermidine were washed with 12 ml of Davis-Mingioli medium (3); samples incubated with spermine were washed with the same medium containing 1 mmol of nonradioactive spermine to decrease adsorption of radioactivity (25) . (Washing with cold NaCl solution, 100 mosmol/kg lower than AFA medium, does not release accumulated radioactive polyamines.) Radioactivity was then determined in 10 ml of a dioxane scintillation solution (19; NuclearChicago Unilux II-A counter), and all values were corrected for sham incubations (no cells present). Corrections were generally less than 10% of total uptake. Under these conditions, putrescine and spermidine incorporation started immediately; spermine uptake did not begin for 2 to 4 min after addition of isotope.
Radioactivity was converted to micromoles of polyamines by use of the internal standard method. After determining the counts per minute from polyamines, a known quantity of ["C ]glucose (U) (New England Nuclear Corp., 223 mCi/mmol) was added, and the vials were recounted. The increase in counts per minute was used to calculate the degree of quenching and the absolute amount of radioactive polyamine in the vial. This data was then converted to micromoles by using specific activities supplied by the manufacturer. 0.62 (500)C a After growth of E. coli MA-159 for 2 h in AFA medium, samples (OD 0.600) were diluted sixfold into AFA medium or AFA medium lacking phosphate and citrate (LOAFA) and polyamines were added. The OD (600 nm) of each culture was then followed, and the increases in turbidity after 100 min were estimated. Generation times could not be used because the control cultures do not grow at constant rates (cf. Fig. 1 ).
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b For measurement of polyamine uptake, cultures which had been in AFA medium for 2 h were diluted into LOAFA (OD 0.145) and incubated for 30 min in the presence of 500 AM concentrations of each polyamine. Samples were then analyzed for polyamine content as described in Materials and Methods. Values are corrected for polyamines present in a culture which was incubated for 30 min in LOAFA without exogenous polyamines. Numbers in parentheses are estimates of the amounts of each diamine converted to its aminopropyl derivative, e.g., 17 umol of "extra" spermidine, in addition to 130 Mmol of putrescine, were found in the culture incubated with putrescine.
c Higher concentrations produced no increase in growth rate; lower concentrations were not tested. d Unlike putrescine and spermidine, a large percentage of the spermine taken up is adsorbed to the cell (25) .
Source and purity of polyamines. Putrescine, spermidine, spermine, and cadaverine were obtained as the HCl salts from Sigma Chemical Co; N,N'-diethylbutane-l1, 4-diamine was from K and K Laboratories; 1,3-propane-diamine, 3,3'-diaminodipropylamine, and all primary and secondary amines were from J. T. Baker Chemical Co; and N-(3-aminopropyl)-1,5-pentanediamine was from S. S. Cohen. The HCl salts of all these compounds contained no detectable contaminants as judged by chromatography in our usual solvent system (19) , except for 1,3-propanediamine and N,N'-diethylbutane-1,4-diamine, which each contained one trace contaminant.
RESULTS
Growth and polyamine levels in E. coli MA-159 after addition of exogenous arginine. Addition of exogenous arginine is known to reduce the rate of growth and the cellular putrescine and spermidine contents of E. coli deficient in agmatine ureohydrolase (4, 9, 13, and Z. Leifer, Ph.D. thesis, New York University, New York City, 1972). As shown in Fig. 1 , the growth rate began to slow within 1 h after arginine addition and was moderately reduced by 3 h. Arginine addition also caused an immediate and exponential loss of cellular putrescine, and the putrescine level was reduced by onehalf after about two doublings in turbidity (Fig.  2) . These data are consistent with a partial, but immediate, interruption in putrescine synthesis and continuing growth of the culture. Over the first 2 h, the cellular spermidine content rose slightly and remained above or at this control level for 3 h.
Cultures of E. coli MA-159 in AF medium (ca. 280 mosmol/kg) or in a medium of low osmolarity (LOAF; ca. 190 mosmol/kg) grew at similar, very rapid rates. However, cultures which were depleted of polyamines grew more slowly in LOAFA than in AFA medium (Fig. 1) . This sensitivity to the external osmolarity developed concurrently with the reduction in the cellular putrescine content and before any loss of spermidine had occurred (compare growth rates and polyamine levels at 0 to 3 h after arginine addition; Fig. 1 and 2 ). Subsequent loss of spermidine did not enhance the sensitivity to the external osmolarity. These results are consistent with the observation that wild-type strains of E. coli accumulate large quantities of putrescine, but not spermidine, during growth in media of low osmolarity (19) .
Osmotic sensitivity occurred in at least two mutant strains and two types of media and was not a result of filament formation or leakage of polyamines. Strain MA-138, deficient in agmatine ureohydrolase (9, 13), also grew more slowly in LOAFA than in AFA medium. Osmotic sensitivity of both strains can be demonstrated equally well in minimal medium. Thus, osmotic sensitivity is not medium dependent. Filaments about 4 to 5 times the length of single cells were present in AFA and LOAFA cultures 4 h after arginine addition; however, they were not observable at earlier times or in cultures containing polyamines. The depressed rate of growth in LOAFA did not result from leakage of polyamines during osmotic shock. Cultures in LOAFA actually contained more putrescine and spermidine and yet grew more slowly than sister cultures in AFA medium (Fig. 2) .
Growth In previous experiments with E. coli B, addition of high concentrations of NaCl or various sugars (600 to 800 mosmol/kg) led to rapid loss of cellular putrescine (19) . Glycerol did not produce loss of putrescine. Therefore, it was of interest to test the effects of glycerol on growth of strain MA-159 in LOAFA and AFA media. In contrast to other salts and sugars, concentrations of glycerol from 0.025 to 0.400 M lowered the rates of growth when added to LOAFA medium.
Ability of different polyamines to stimulate growth. We examined the growth-promoting ability of different polyamines in cultures of E.
coli MA-159 containing arginine. All the polyamines listed in Table 1 were studied over a wide range of concentrations to ensure that their maximal ability to stimulate growth had been reached. Of the diamines, putrescine and 1, 3-diaminopropane produced a much more rapid growth rate than did cadaverine. Of the triamines, 3, 3'-diaminodipropylamine produced the most rapid rate of growth, followed by spermidine. A recently discovered spermidine analog, N-(3-aminopropyl)-1, 5-diaminopentane (4), was only slightly effective.
It is especially important to compare the effects of putrescine and spermidine in this system, because only these two polyamines are normally found at high concentrations in E. coli. Putrescine is the only naturally occurring polyamine which accumulates in wild-type strains during growth in media of low osmolarity (19) . In AFA medium, high concentrations of exogenous putrescine and spermidine produced similar, very rapid rates of growth (Table 1) . In LOAFA medium, high levels of putrescine were able to raise the growth rate almost to that of AFA cultures containing putrescine; spermidine was less effective. The differences in growth rates with these two polyamines might be explained by differences in the ability of E. coli MA-159 to concentrate these polyamines. Indeed, more putrescine than spermidine was taken up in 30-min incubations, and some of the putrescine was converted to spermidine (Table  1) . However, this quantity of spermidine was less than the amount taken up by direct incubation with spermidine. Thus, putrescine appears to have direct effects on growth which are apparent in media of low osmolarity and which cannot be explained by conversion of putrescine to spermidine. At very low external concentrations, spermidine stimulated growth more effectively than did putrescine (Table 1 ). This might result from more efficient transport of spermidine at these concentrations. In nitrogen-starved E. coli B, spermidine uptake is one-half maximal when the external concentration is <8 x 10-8 M; uptake of putrescine is one-half maximal at 2 x 10-7 M (25). As shown in Fig. 3 , similar amounts of spermidine were taken up by E. coli MA-159 over the entire concentration range studied (1 to 100 AM), but low external putrescine concentrations were taken up relatively poorly. Thus, the sluggish transport of putrescine at low external concentrations can account for low levels of putrescine producing slower growth than do low levels of spermidine. Spermine could inhibit growth by a generalized toxicity for the cell (17) or by interfering with putrescine uptake or activity. The first hypothesis is unlikely. At 50 1AM, spermine augments the rate of growth, i.e., is not toxic per se, but still partially blocks the effect of putrescine. It is unlikely that putrescine transport is affected, since spermine does not interfere with putrescine uptake in E. coli B (25) .
If spermine interfered with the action of putrescine within the cell, then it should be possible to preload cells with putrescine and inhibit growth by adding spermine at a later time. A culture of MA-159 was grown for 2 h in AFA medium and diluted into LOAFA containing 40 ,M putrescine. After a maximal rate of growth had been established (30 min), spermine was added to 500 uM. Growth slowed over the subsequent hour even though the full biological effect of putrescine had already been expressed. Thus, spermine may displace putrescine from its site(s) of action within the cell.
Other polyamines and polyamine analogs were studied in an attempt to define the geometry of the active site for growth stimulation. In addition to the polyamines mentioned in Table  1 , compounds tested included primary amines (1-aminopropane, 1-aminobutane, 1-aminopentane, and 1-aminohexane), secondary amines (dipropylamine, dibutylamine, and dipentylamine), and N, N'-diethylbutane-1, 4-diamine. Each compound was studied at 500,M concentration in LOAFA medium, either by itself or in the presence of 40 AM putrescine. None of these compounds could directly stimulate growth or inhibit the stimulation caused by putrescine. These negative results can be explained by failure of E. coli to concentrate these compounds. By using a protocol similar to that of Table 1 , cultures of polyamine-depleted E. coli MA-159 were incubated for 30 min with each compound at a concentration of 500 MM, and the washed cell pellets were analyzed for content of these compounds. None of the compounds was detectable upon chromatography.
DISCUSSION
Our results provide two conclusions. First, during the course of polyamine depletion, the growth rate of E. coli becomes sensitive to the osmolarity of the medium. This sensitivity occurs in at least two strains of E. coli and in both minimal and heavily fortified medium. Sensitivity to the external osmolarity is neither related to filament formation nor is it a result of leakage of polyamines (Fig. 2) .
The second conclusion concerns the ability of putrescine and spermidine to stimulate growth in media of low osmolarity. The reduction in growth rate in LOAFA medium (Fig. 1) develops about 2 h after arginine addition, i.e., concurrently with the loss of cellular putrescine and before any loss of spermidine. At this time it should, therefore, be possible to add exogenous polyamines and measure their ability to substitute for putrescine. The effects of spermidine and putrescine are especially interesting, because only these two polyamines are normally present at high levels in E. coli. Although spermidine does increase the growth rate to some extent, the growth rate is still significantly lower than in a sister LOAFA culture containing putrescine or in an AF culture (Table 2) . Thus, in terms of the polyamines normally present in E. coli, a normal and rapid rate of growth in media of low osmolarity is specifically dependent on the presence of putrescine.
Polyamine requirements for growth have been described in a number of other bacteria. Spermine and spermidine stimulate the growth of Pasteurella tularensis (27) , Lactobacillus casei (10) , and Photobacterium fischeri (15) . Putrescine, spermidine, or spermine are essential growth factors for Haemophilus parainfluenzae (7, 8) , a mutant strain of Aspergillus nidulans (21) , and Neisseria perflava (16) . Polyamine requirements in this last organism can be almost entirely eliminated by increasing the osmolarity of the medium with sodium chloride, glucose, or sucrose (14) .
The present studies have defined conditions under which it is possible to study the mechanism by which putrescine stimulates growth. These experiments are currently in progress and may lead to the discovery of new functions for polyamines in E. coli.
